An enduring issue in environmental regulation is whether to clean up existing "old" plants or in some manner to bring in new "clean" plants to however, the effect has not been to reduce total SO 2 emissions since the 9.0 million ton cap is unchanged, but to reduce the quantity of abatement required of other units in meeting the cap and thereby the cost of doing so.
INTRODUCTION
The Clean Air Act Amendments of 1970. These amendments instituted a coherent and effective regulatory system for reducing SO 2 emissions whereby 1 Ellerman is the executive director of the Center for Energy and Environmental Policy Research (CEEPR) and senior lecturer at the Sloan School of Management at the Massachusetts Institute of Technology (MIT). Dubroeucq is a candidate for the master's degree in Technology and Policy at MIT. Funding for this research from the Environmental Protection Agency (STAR grant #R828630) and from CEEPR is gratefully acknowledged. 2 The decrease in SO 2 emissions from all sectors of the economy was slightly larger due to the disappearance of metals processing, mostly copper, within the United States. For the economy as a whole, peak SO 2 emissions were 31.8 million tons in 1973 and they had declined to 15.8 million tons in 2001, or by 50%. (US EPA, 2003) . a) existing facilities would be subject to emission rate limits imposed by State Implementation Plans that were to ensure attainment of the National Ambient Air Quality Standard for SO 2 , and b) new plants would be subject to stringent New Source Performance Standards that would require the adoption of best available control technology.
These provisions had become effective by the mid-1970s when national SO 2 emissions peaked and they have remained in effect to this day.
The Clean Air Act Amendments of 1990 . Title IV of these amendments created a nationwide limit on aggregate SO 2 emissions of approximately 9 million tons to be achieved in two phases by an innovative cap-and-trade program that issued allowances in an amount equal to the cap and required all electric utility generating units to surrender allowances equal to the unit's emissions. Since no specific command concerning abatement is given at the unit level, the operators of affected units are free to decide whether they will reduce emissions by lowering the sulfur content of the fuel used to generate electricity (either by switching or retrofitting scrubbers) or by shifting generation to lower emitting units including new units. However, Title IV did not replace the source-specific limits and technology mandates of the earlier 1970 Amendments. The cap and the associated obligation to surrender allowances equal to the tons of SO 2 emitted is an additional requirement imposed on top of the pre-existing structure of prescriptive regulation.
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The reduction in electric utility SO 2 emissions has been the more remarkable in that the demand for fossil-fuel-fired generation of electricity has grown substantially since 1970 as shown in Figure 1 . 3 The super-imposing of Title IV on the pre-existing prescriptive rate limits, which are aimed primarily at preventing adverse local health effects means that some plants are not free to increase emissions (and purchase allowances). In practice, these pre-existing constraints have not posed a serious impediment to trading under Title IV since the cap requires a significantly greater reduction of aggregate emissions than what is required to meet the National Ambient Air Quality Standard for SO 2 . While generating units can trade only within the prescriptive limits imposed by the 1970 Amendments, these limits have become non-binding for most units. 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 million short tons 0 500 1,000 1,500 2,000 2,500 3,000
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Figure 1. U.S. Fossil-fuel-fired electricity generation and SO 2 emissions, 1970-2002
In general, generation of electricity from fossil-fuel-fired power plants has increased steadily while SO 2 emissions have regularly declined. Since the year of peak emissions, 1977, fossil-fuel-fired generation has increased at an average annual rate of 2.0% while SO 2 emissions from these sources have decreased at an annual rate of 2.4%.
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The implied annual rate of reduction in aggregate SO 2 intensity for fossil-fuel-fired generation is 4.3%, from 23 pounds of SO 2 per megawatt-hour in 1977 to 7.76 pounds in 2002. In broad terms, this reduction in aggregate intensity results from two effects: the reduction in emission intensity or rates at individual units and the displacement of higher emitting units by existing sources with lower emission rates or new sources with mandated lower emission rates.
While the trend in SO 2 emissions since the mid-1970s is instructive, the past five years offer an especially good opportunity to examine the effect on emissions of the introduction of low-emitting new generating units. Several factors-the need for new capacity to meet continually growing demand, the availability of more efficient, combined-cycle generating technology, and the expectation of relatively low natural gas prices-coalesced in the late 1990's to create a boom in the construction of new naturalgas-fired generating capacity. Since natural gas emits only trace amounts of SO 2 , the deployment of these new units could be expected to reduce SO 2 emissions considerably as pre-existing, higher emitting generating units are displaced in meeting the demand for electricity. As of the end of 2002, the new gas-fired capacity is estimated to be 133 GWe, an approximately 20% increase in generating capacity, and another 56 GWe is under construction and expected to be completed in the next few years, mostly in 2003 (EVA, 2003) . About half of this capacity consists of single-cycle combustion turbines that are used mostly for meeting peak demand and offer few if any operating efficiencies compared to existing capacity. The remaining half of the new capacity utilizes combined cycle technology that offers marked operating efficiencies that would be expected to lead to greater utilization for these units and greater displacement of existing units.
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Accordingly, we focus mostly on the combined-cycle units.
Our purpose in this paper is to analyze the sources of the reduction in SO 2 emissions and, in particular, to distinguish between the effects of lower emission rates at existing units and the displacement of higher emitting generating units by lower emitting ones, regardless of whether these are new units or existing units with lower emissions. In doing so, we give particular attention to the reduction in SO 2 emissions attributable to the large increase in new natural-gas-fired capacity in the United States since 1998. The methodology we employ in this paper does not discriminate between emission rate reductions and displacements that respond to policy measures and those that would have occurred anyway because of other non-policy-related factors affecting the electric utility generating sector of the economy. Accordingly, the results we report should not be interpreted as being entirely due to regulatory measures, although a large fraction surely is. Where appropriate, mention will be made of the non-regulatory factors.
The next section of the paper explains the data base and methodology that is used to identify the source of observed SO 2 emission reductions. Results are then reported in the next section, and a final section concludes. A technical explanation of the decomposition methodology and the full data results are provided in appendices. Given this concentration of SO 2 emissions in two-thirds of the total generating units (and about 95% of total heat input), any perceptible change in total SO 2 emissions from the 6 A unit is included in the data base if it meets one of several criteria developed to determine units that are significant in generating electricity. These criteria are: 1) more than 5 trillion Btu heat input in any year from 1995 through 2001, 2) more than 1 trillion Btu in any two years out of four consecutive years between 1995 and 2001. A 100 MWe unit consuming 1 trillion Btu in a year with a heat rate of 10,000 Btu/kwh would generate 100 GWh of electricity in the year, or 1,000 hours (about 11% of the hours in a year) at full capacity.
DATA AND METHODOLOGY
electric utility sector as a whole will be determined almost entirely by changes at these 1,890 significant units.
Since annual SO 2 emissions are the product of heat input, measured in million Btus (mmBtu) and the emission rate measured in pounds of SO 2 per mmBtu (#/mmBtu), changes in observed emissions from one year to the next at any given unit can be decomposed into two components: a change in the annual emission rate, which would reflect the use of a higher or lower SO 2 -emitting fuel or the installation of emission control equipment, and 2) a change in annual heat input at the unit, which may reflect a change in aggregate demand for electricity or the effect of displacement of one unit by another in meeting any given level of demand. In nearly all cases, both effects operate, often in off-setting directions; however, the relative contributions of each can be identified using analytic techniques explained briefly below and more fully in the appendix.
While the causes of changes in emissions at any individual unit can be decomposed into two effects, changes in observed emissions from any aggregate of generating units must take account of the interaction of all the units in the aggregate. For instance, if one unit is utilized less, as measured by heat input or generation, and the utilization of another unit is increased by the same amount, the effect on total emissions depends on the emission rates at the two units. If the emission rate is lower at the unit increasing utilization than at the other unit, total emissions will decrease without any change in the emission rates at the two units. Thus, for any aggregate, changes in total emissions can be broken down into three components-emission rate reductions at individual units, changes in aggregate demand, and changes in the utilization of units with differing emission rates-as represented in the following equation.
(1) dE = dEr + dEh agg + dEh Disp where dEr = the sum of the changes in emissions due to changes in emission rates at individual units, dEh agg = the change of emissions that can be attributed to changes in aggregate demand without any change in emission rates at individual units, dEh Disp = the change of emissions that can be attributed to the displacement of some units by others in meeting aggregate demand.
The left-hand-side variable of equation (1) is observed and the first two right-hand-side terms can be easily calculated. The term dEr is the sum of the change in emissions due to changes in the emission rate at all constituent units and the term dEh agg can be found by multiplying the prior year's emissions by the percentage change in heat input for the aggregate. Any difference between the sum of dEr and dEh agg and the observed change in emissions, dE, is due, by definition, to displacement, or the emission effects of the changing shares in heat input of the units composing the aggregate.
The availability of data indicating whether the fuel burned in a generating unit is coal or oil/gas allows us to decompose the displacement effect into a shift between fuels and displacements among the units composing each fuel aggregate, as follows:
where dEh bet = the change of emissions that can be attributed to changing shares of generation between coal and oil/gas units, dEh w/i Coal = the change in emissions due to a redistribution of heat input among units using coal, and dEh w/i Oil/Gas = the change in emissions due to a redistribution of heat input among units using oil or natural gas.
One easy way to visualize this decomposition is to recall that the change in emissions due to changing heat input at any individual unit results from the change in aggregate demand for generation, any change in fuel shares, and individual displacements within the two fuel categories. Imagine a situation in which there is no change in the emission rates at individual units so that all changes in emissions are due to these three demand effects. If a coal-fired unit has increased emissions by 3% while aggregate demand has increased 1% and the demand for aggregate coal-fired generation has increased by 1%, one percentage point of the observed three-percent increase in emissions at this individual unit can be attributed to each of the three effects: dEh agg , dEh bet , and dEh w/i_Coal . If observed emissions had not increased at all at this unit while the other conditions applied, then it could be said that this unit experienced a 2% reduction in utilization due to displacement by other coal-fired units. Once these differences are calculated for all units constituting some aggregate, they can then be summed to determine all of the components in equations (1) and (2).
Choosing the appropriate level of aggregation for determining growth in aggregate demand and changes in fuel shares in the United States is not obvious. Fuel shares differ markedly by region, as do the growth rates in the generation of fossil-fuelfired electricity. Using the national aggregate would not provide an accurate estimate since it would assume that generating units are part of one large integrated national market, which they are not. At the other extreme, a state-level aggregation would be similarly misleading since electricity control areas often encompass several states and electricity flows frequently cross state boundaries even when control areas follow state lines. As a middle ground we have used the nine census regions, the composition of which is given in Table 1 below and for which regional aggregate data is given in Table   A1 of the appendix. Accordingly, we calculate dEh agg and the components of dEh Disp on a regional basis and then sum across the nine census regions to obtain national figures.
Table 1. U.S. census regions and constituent states
The greater efficiency of the new combined cycle units presents a problem in estimating the SO 2 emission reductions attributable to this new capacity. The heat input used by these new units is fully incorporated into the components of equations (1) and (2), but these units generate more electricity per unit of input than conventional units.
Since electricity is the final output, some accounting must be made for this additional displacement and emission reduction, which shows up otherwise erroneously as a reduction in aggregate demand.
This adjustment is made through a three-step process as explained in more detail in the appendix on methodology. First, the heat input savings attributable to the use of combined cycle generating plants is determined. We observe an average heat rate (Btus per kwh) of 7,400 for the combined cycle units and we assume an average heat rate of 10,000 Btus/kwh for the generation being displaced. These figures imply that the heat input displaced by these new combined cycle units is 35% greater than the heat input use observed at these new units. The second step is to determine whether the increased generation is displacing coal-fired or oil/gas fired generation, which we do on a regional basis. The last step is to calculate the emission reduction by multiplying the displaced heat input for each type of generation by the respective average regional emission rates.
DECOMPOSITION RESULTS

NATIONAL RESULTS FOR THE 1985-2002 PERIOD
Figure 2 below and Table A2 of the appendix show the national change in SO 2 emissions in tons by year for the 1985-2002 period and by the three components of equation (1), that is, changes in the emission rate, changes in aggregate demand, and changes in dispatch among units from one year to the next.
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(1,000,000) The most salient feature of Figure 2 is the very large reduction in SO 2 emissions in 1995, the first year of Phase I of the Acid Rain Program. This reduction is especially remarkable in that 1) the cap applied only to a sub-set of units in that year (albeit the largest and most highly emitting units), 2) these units reduced emissions far more than was required to meet the cap in that year (or for any year of Phase I), and 3) the much larger set of generating units that did not become subject to the cap until 2000 increased emissions by some 439,000 tons in 1995 compared with 1994.
The second largest annual reduction is in 2000, when all of the other generating units were first subject to the Title IV cap and therefore required to pay the going price of allowances (about $150/short ton in this year) for all SO 2 emissions. The reduction in 2000 occurred despite the large accumulation of banked allowances from the Phase I units (11.6 million tons) that would have easily covered the abated emissions in 2000, had the owners been willing to pay the price of an allowance. That they did not do so suggests that the cost of reducing emissions at these units was less than $150/short ton.
The broader point that emerges from the emission reductions observed in these two years is that, when a price must be paid for otherwise permitted emissions, further reductions of emissions can be achieved.
Setting these two years aside, SO 2 emissions typically declined each year (11 out of 15), but by much smaller amounts than were observed in 1995 and 2000. Table 2 summarizes the emission reductions shown on Figure 2 by component and period, preand post-Title IV. component and period, 1985-2002 As shown in the lower, right-hand cell, 2002 SO 2 emissions from electric utility generating units had fallen by 5.9 million tons from their level in 1985, and they will fall another million tons in order to meet the Phase 2 cap as the Phase I bank of allowances is drawn down. The decomposition of this change shows that emissions would have increased by 4.7 million tons over this period as a result of increasing generation from fossil-fuel-fired generating units 7 , but this effect is more than offset by the combined effect of reductions in emission rates at existing units and the general displacement of generation to lower emitting units. Of these two emission-reducing effects, by far the greater is the effect of emission rate reductions. This effect is also notably larger after 1995 than before.
Moreover, not all of the emission reductions observed over the pre-Title IV period can be attributed to air emission regulations. Ellerman and Montero (1998) estimate that the effect of railroad deregulation in making low-sulfur western coals economically competitive at Midwestern generating units burning local, high-sulfur coals reduced SO 2 emissions by about two million tons between 1985 and 1993. This reduction occurred by switching units burning high sulfur mid-western coal partially or entirely to lower sulfur western coal and by the greater utilization of these units. Applying their estimate to this analysis suggests that about half of the 3.6 million ton reduction in SO 2 emissions resulting from emission rate reductions and displacement from 1985 through 1994 was due to reasons other than air emission regulation. 8 Accordingly, the contrast in the magnitude of the emission reductions associated with conventional prescriptive regulation and the cap-and-trade requirements instituted by Title IV is even greater than is suggested by the cumulative amounts in Table 2 .
The displacement component in emission reductions observed since 1985 can be further decomposed to reflect the emission effects of shifts in the relative shares of coal and oil/gas and of greater or less use of lower emitting units within each of these fuel types, as shown below by year in Figure 3 and Table A2 of the appendix and cumulatively in Table 3 .
(500,000) By far, the largest component of the 2.3 million ton reduction due to displacement of generation among fossil-fuel-fired generating units over the 1985-2002 period is that due to displacement among coal-fired units. This is not surprising since the potential for reduction is large given the range of sulfur content among coals, from as low as 0.5 lbs.
SO 2 /mmBtu to more than 5 lbs./mmBtu. Most of this reduction occurred in the years before Title IV became effective and it is largely due to the shift to low-sulfur western coal identified by Ellerman and Montero (1998) . 9 Once Title IV became effective, the three components of the displacement effect are more balanced and the largest displacement component is a shift to more oil/gas fired generation. This shift is consistent with the abnormally low oil prices experienced in 1998 and the installation of over 150
GWe of new natural gas fired generating capacity including nearly 100 GWe of new combined cycle capacity to which we now turn.
THE EFFECT OF COMBINED CYCLES ON SO 2 EMISSIONS
The critical issue in estimating the reduction in SO 2 emission due to the new combined cycle capacity is determining what generation is displaced. This question cannot be answered satisfactorily without a disaggregation to at least the regional level because of the significant differences in the regional distribution of the new combined cycle capacity, differing patterns of displacement by region, and different regional emission rates for coal and oil/gas fired generation. The regional distribution of the new combined cycle capacity is given in Table 4 and additional data used in calculating the effect of the new combined cycle capacity on SO 2 emissions is provided in Table 4 . New combined cycle capacity and regional shares of generation
The regional distribution of combined cycle capacity follows the pre-existing distribution of oil and gas generation far more closely than it does the pre-existing generation of fossil-fuel fired generation. Five regions constituting 93% of oil and gas generation in generation. The largest share by far of new combined-cycle capacity is in the West South Central census region, encompassing Texas, Oklahoma, Arkansas, and Louisiana, which is also the region with the largest share (and absolute amount) of oil and gas generation.
Conversely, regions in which there was little pre-existing oil and gas generation received a smaller share of the new combined cycle capacity.
A solid economic reason explains this pattern. When new, more efficient units compete with existing units using the same fuel, they can be assured of being dispatched first if all other factors are equal. However, when the competing units use a different fuel, displacement depends upon the price difference between natural gas and the other fuel. If the price of the fuel firing the more efficient generation is greater percentage-wise than percent savings in heat input, displacement will not occur. This has been the case for the new combined cycle units when they compete against existing coal-fired units in the U.S., especially since late 2002 when natural gas prices rose to levels that are two to three times the level of coal prices. There are, of course, other factors concerning location and network dynamics that influence dispatch, but building combined cycle units where reliance on less efficient natural gas generation is already high provides greater assurance of demand for generation from the new capacity, but also less reduction of emissions.
Two distinct patterns of displacement occur, as illustrated by the two charts in 
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Figure 4. Combined cycle and oil/gas shares in two census regions
The uppermost line on each chart represents the share of heat input into oil/gas generating units in that region, while the bottom line shows the share of heat input going into combined cycle units. In all regions, the share of combined cycle capacity rises from nearly zero in 1998 to some noticeable positive share by 2002. In cases such as the West South Central census region, the share of combined cycle heat input rose from 1% in 1999 to 19% in 2002. Over the same period, the total oil and gas share of heat input remained relatively constant at 42%-44%. Obviously, the new combined cycle capacity in this region has been displacing existing oil and gas capacity, not coal capacity.
The East South Central region presents a different picture. The 2002 shares of oil/gas and combined cycle heat input are much smaller than in the West South Central region, but the increase in the combined cycle share from zero percent in 1999 to 8% in 2002 causes the oil/gas share of heat input to increase by five percentage points, from 5% in 1999 to 10% in 2002. Accordingly, it can be said that five percentage points of the 8% increase in combined cycle generation displaced coal generation and the remaining three percentage points displaced existing oil/gas generation, which is now 2% instead of 5%.
When displacement is calculated in this manner for all nine regions for each year, the amount of displacement depends not only on the amount of heat input displaced by the new combined cycle units, but also on the emission rate of the Btu's being displaced from coal or other oil and gas-fired units. Figure 5 and Table 5 below provide the yearby-year results for the nine census regions and the nation as a whole. The two regions with the largest cumulative reduction (the sum of the annual amounts)
are the East South Central and South Atlantic census regions. Even though they constitute only a quarter of national combined cycle generation, they account for 53% of the national SO 2 reduction attributable to the new combined cycle capacity. The reason is that the new combined cycle capacity in these regions displaced more coal generation and the emission rate associated with the displaced coal generation is relatively high. In contrast, the much larger displacement of existing generation in the West South Central region reduced SO 2 emissions by considerably less because no coal generation was displaced.
A final observation about the effect of the new combined cycle capacity on SO 2 emissions concerns the interaction between these new units and the Title IV cap. While the new combined cycle capacity clearly displaced generation that had higher SO 2 emissions, aggregate SO 2 emissions are no lower than they would otherwise be since the SO 2 emissions cap is fixed. 10 The effect of the new capacity is then to reduce the amount of abatement required from the other, mostly coal-fired units. Consequently, the effect of the new combined cycle capacity is not to reduce actual SO 2 emissions but the emission reduction required of other generators of electricity and therefore the cost of achieving the SO 2 cap.
The extent to which the cost of Title IV has been reduced can be estimated. As shown in Table 5 
CONCLUSION
The major source of SO 2 emission reductions in the United States since 1985 has been the reduction of emission rates at existing units. Displacement of higher emitting units by lower emitting ones, whether newly constructed or existing units, has also contributed an important share of the total reduction; however, this factor alone has not been sufficient to offset the increase in emissions that would have occurred as a result of continuing growth in aggregate demand. Our analysis also indicates that Title IV has been more effective in reducing emissions during the eight years it has been in effect than the conventional, source-specific, prescriptive regulation had been in reducing emissions in the ten years preceding 1995.
The effect of the new combined cycle capacity is not what might be expected at first sight. These units have clearly displaced more highly emitting generating units, although most often not coal-fired units, but the effect has been to reduce the cost of abatement, not total SO 2 emissions. When emissions are capped, exogenous factors such as the introduction of more efficient combined cycle generation results in less required abatement by other affected units, in this instance, mostly coal-fired units. From the standpoint of the competition among contending fuels, this effect is ironic but it is small and the ultimate beneficiary is the consumer who thereby pays slightly less for electricity without any change in this attribute of environmental quality.
APPENDIX I: DECOMPOSITION METHODOLOGY
Decomposition of changes in emissions at the unit level
The SO 2 emissions produced by a generating unit in the tth year can be described as:
where h t is the heat input (i.e. the energy contained in the fuel burnt during year t) and r t is the emission rate (i.e. the amount of SO 2 emitted per unit of heat input). The change in SO 2 emission between year 0 and t can be described as a function of four observed values, h 0 , h t , r 0 , and r t , such that
where the d 0,t 's denote the observed change in e, r or h between year 0 and t.
The change in emissions, de 0,t , can also be represented in a (h,r) diagram: 
Figure 6. Representation of the heat input, emission rate and emissions of a generating unit in a (h,r) diagram
In this diagram the surface of the h 0 x r 0 rectangle is equal to the emissions e 0 , and the surface of the h t x r t rectangle is equal to the emissions e t . The difference e t -e 0 is represented by the striped areas. The diagram clearly shows that de 0,t can be separated into three components:
∆ 1 = (r t -r 0 )h 0 which is created by a change of the unit's emission rate ∆ 2 = (h t -h 0 )r 0 which is created by a change of the unit's heat input
which is created by both changes
We adopt the convention of splitting the third component evenly and attributing each half to the other two components so that we can attribute ∆ 1 + ∆ 3 /2 to a change of emission rate and ∆ 2 + ∆ 3 /2 to a change of heat input, which gives us:
-the change in emissions due to a change in heat input
-the change in emissions due to a change in the emission rate
When a unit is either shut down or put online (i.e. either h o or h t is equal to zero), we set de r = 0 and attribute all the change in emissions to a change in heat input.
Accounting for the interaction of individual units with others in some aggregate
The two components accounting for changes in emissions at the unit level, de r and de h , have differing characteristics when the unit is considered as part of some aggregate, such as an electricity grid.
12 A change in emission rate, de r , such as that resulting from the installation of a scrubber, is a unit specific action that does not imply a change in the emission rate at other units in the aggregate. In contrast, a change in heat input at an individual unit, de h , will always reflect some change in the aggregate that is shared by other units or is the result of the interaction among the constituent units. For instance, a change in aggregate demand would be expected to affect all units in some measure.
Similarly, changes in fuel prices or in conditions on the electricity network, would be expected to change the contribution of constituent units to meeting aggregate demand.
While the observed change in heat input at any single unit results from changes in conditions affecting the aggregate, the contributing factors can be analytically separated into three components: the change in aggregate demand, any change in the contribution of coal and oil/gas units viewed as sub-sets, and any change in the utilization of individual units within each fuel share.
More formally, heat input at the ith unit can be decomposed into three components. Returning now to the formulae for changes in emissions, we can decompose de 0,t into four components:
number of Btu's used to produce a kilowatt-hour of electricity remains relatively constant from year to year and among units that would substitute for one another on the electricity grid, no great distortion results from using heat input as the proxy for electricity output.
However, with the recent introduction of a significant amount of combined cycle capacity, this assumption no longer holds and some allowance must be made to recognize that the emission reduction resulting from the displacement of conventional generation by new combined cycle units is greater than would be indicated by a similar displacement among conventional units.
More formally, so long as combined cycles did not play a large role in generation, such as was the case until 1999, it was reasonable to assume that dEh agg ≈ dEh elec where the left-hand-side of the equation is defined as the change in emissions due to the observed change in heat input and the right-hand-side, as the change due to the assumed change in demand for electricity from fossil-fuel-fired generating units. With the introduction of a significant amount of combined cycle generation, a new term is required, dEh cc , defined as the change in emissions due to the unobserved heat input savings resulting from the zero-fuel (thus zero-emission) electricity generation by the heat recovery unit of combined cycle facility. Conceptually, this new term can be defined in the following manner:
If the share of combined cycle generation in the aggregate is increasing, then dEh elec > dEh agg and dEh cc will be negative, and vice versa if the share of combined cycle generation is decreasing.
Estimating dEh cc required two analytical tasks to be performed. First, combined cycle units were identified within the subset of oil/gas units. Second, the heat input savings associated with combined cycles was estimated. At first appearance, all of the information required to perform both tasks appeared to be in the quarterly reports whereby emissions are reported to the U.S. Environmental Protection Agency, hereafter called the CEMS (for Continuous Emissions Monitoring System) database, which record not only emissions but also heat input and electricity generation at the unit level, as well as identifiers for the fuel burned and the type of unit. In fact, cross checks with other sources revealed that labels identified as combined cycle in the CEMS database were not always such and that some not so labeled were combined cycle units. Comparison with data reported to the Energy Information Agency and data obtained by web search and direct calls enabled us to identify 276 out of the 948 oil/gas units that could be considered combined cycle units in that these Btu-using generating units had an associated heat recovery unit.
A more serious problem was that the generation reported for combined cycle units in the CEMS database was often only the generation from the gas turbine and not the additional power from the associated heat recovery unit. For instance in 2001, out of the 276 combined cycles, 52 units had an average heat rate above 10,000 Btu/kWh. From discussions with the owners of some of these units, we found that the data reported to the EPA on the CEMS forms sometimes contains only the generation for the turbine (which is the Btu-using and emitting unit) and not the generation from the (non-emitting) recovery unit. Consequently, there is no reliable method within the CEMS data to determine which combined cycle units had complete generation data and which were incomplete. To remedy this problem, we used another database from the Energy Information Administration, EIA Form 906, which reports electricity generation and heat input for all units for the year 2001. We took all the units from the EIA database that were also present in the 276 combined cycles list of the CEMS data and selected a group of 41 units that had been in operation for more than two quarters (thereby avoiding heatrate-diminishing start-up problems) and showed steady generation and generally high utilization. This subset of fully operational combined cycles experienced an average heat rate of 7,400 Btu/kWh.
The heat input savings from combined cycle units was then easily calculated using an assumed average heat rate of 10,000 Btu/kwh for conventional generating units. Furthermore, if we assume that the displacement due to the heat input savings, H t,cc,sav , is proportional in all respects to the displacement occasioned by the observed heat input at combined cycle units, H t,cc,obs , then the heat input savings can be similarly broken down into a component displacing coal generation and another displacing other oil/gas units. Figure 8 represents the heat input shares of coal units, conventional oil/gas units, and combined cycle units. Three patterns of heat input displacement by combined cycles are possible.
i) If the share of coal heat input either increases or stays equal from one year to the next, then there is no coal displacement and combined cycles exclusively displaced oil/gas units. We then simply calculate the emissions savings by using the average oil/gas emission rate. Accordingly, % coal = 0 and % O/G = 1.
ii) If the share of heat input from coal decreases more than the share of combined cycles increases, then we assume that the combined cycle units have displaced coal units only (and that conventional oil/gas single cycles have displaced coal as well). Thus % coal = 1
and % O/G = 0.
iii) Finally, if there is a decrease in the share of heat input from coal smaller than the increase in the share of combined cycles, then we assume that the combined cycle units have displaced both coal and oil/gas units as follows: % coal = -( ) ( ) 
